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In this review I consider assays for G protein-coupled receptor (GPCR) activity based on the binding of labelled analogues of
GTPgS ([35S]GTPgS or Eu-GTPgS) to G proteins in tissues (GTPgS binding assays). Such assays provide convenient measures of
GPCR activity close to the receptor in the signalling cascade. In order to set up a GTPgS binding assay, the requirements of
the assay must be considered. These are tissue source, GTPgS analogue, G protein, GDP, Mg2+/Na+ ions, saponin, incubation
time. The assay, once optimized, can be used to generate concentration/response curves for GPCRs signalling via Gi/o proteins
(or to other G proteins with a modified assay) and actions of agonists, inverse agonists and antagonists may, in principle, be
assessed. For agonists and inverse agonists, data for the maximal agonist effect, the concentration of ligand giving a
half-maximal response and the Hill coefficient may be derived. For antagonists, data for the equilibrium dissociation constant
can be obtained. The mechanistic basis of the assay is considered. Although the assay can be used to profile ligands, under
the conditions it is used, it may not be measuring the same event that determines GPCR action in cells.
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Given the importance of G protein-coupled recep-
tors (GPCRs) as sites of action of current and poten-
tial future drugs, there is much interest in the
development of simple flexible assays for the func-
tional actions of drugs at these receptors. This is of
particular relevance for development of agonists as
drugs whether these are full or partial agonists. Also
many currently used drugs are inverse agonists and
it may be important to detect this activity in new
drug candidates.

For GPCRs, their commonly accepted mecha-
nism of action comprises formation of an agonist/
receptor/G protein ternary complex (ARG) in which

bound GDP is replaced by GTP leading to activation
or deactivation of downstream signalling proteins
such as adenylyl cyclase (Figure 1A). GTP binding is
therefore a key step in the activation of the system
and the first event following receptor activation.
The realization that GTP binding is important for
GPCR signalling lead to efforts to exploit this event
as an assay for GPCR activation. The availability of
labelled GTP analogues that are poorly hydrolysable
([35S]GTPgS, Eu-GTPgS) allowed the development
and application of this assay. Whereas in the case of
GTP, the binding of this nucleotide to G proteins is
followed by hydrolysis to GDP, for the poorly
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hydrolysable GTP analogues the bound nucleotide
is resistant to hydrolysis and the lifetime of the
nucleotide-bound G protein is increased (Figure 1B).
This allows the bound GTP analogue to be analysed.

The assay that has emerged from these consider-
ations is superficially very simple and entails mixing
a tissue sample, usually membranes containing the
GPCR of interest, with GTPgS bearing a suitable label
([35S] or Eu), incubating the mixture and analysing
the bound nucleotide. The assay then allows agonist
stimulation of nucleotide binding to G proteins to
be determined and this, in principle, allows assess-
ment of GPCR activation close to the receptor with
little amplification of signal. In practical terms the
assay is attractive as it provides a measure of GPCR
function but is performed in a manner similar to

ligand binding assays thus avoiding the complexi-
ties inherent in other downstream assays.

Early use of the [35S]GTPgS
binding assay

Once it was recognized that a key aspect of G pro-
teins was their ability to bind GTP, the binding of
[35S]GTPgS was used in the characterization of G
proteins [see e.g. (Bokoch et al., 1984; Sternweis and
Robishaw, 1984; Higashijima et al., 1987)]. Subse-
quently agonist-stimulated binding of [35S]GTPgS to
pure G proteins reconstituted with pure GPCRs was
used to probe mechanisms of GPCR activation
(Asano et al., 1984; Kurose et al., 1986). These assays
use pure G proteins and pure GPCRs and so are not
easily applicable to drug screening assays. The devel-
opment of assays for agonist-stimulated [35S]GTPgS
binding to G proteins in membranes has, however,
enabled these assays to become widely used in the
context of drug screening.

One of the first descriptions of a membrane-
based [35S]GTPgS binding assay was for muscarinic
acetylcholine receptors in cardiac membranes (Hilf
et al., 1989). In this study, porcine atrial membranes
were used and carbachol-stimulated [35S]GTPgS
binding was studied. Several important attributes of
the [35S]GTPgS binding assay were described in this
early study that are now known to be applicable
to the assay in general. It was shown therefore that
the assay could be used to generate agonist
concentration–response curves but that there was
an absolute requirement for Mg2+ ions to see agonist
stimulation. Also a second guanine nucleotide (pref-
erably GDP) and addition of Na+ ions were required
for a favourable stimulated to basal ratio. In order to
observe a robust agonist stimulation of [35S]GTPgS
binding over the basal level, it was necessary to
purify the cardiac membranes. About 75% of the
carbachol-stimulated [35S]GTPgS binding was sensi-
tive to Pertussis toxin treatment of the membranes,
indicating an important role for Gi/o proteins. The
predominant muscarinic receptor in the atrium is
the M2 receptor coupled to Gi (Kitazawa et al., 2009),
consistent with the Pertussis toxin sensitivity of a
large part of the [35S]GTPgS binding.

Current status of GTPgS binding assays

In the following discussion of the assay, I shall use
the term GTPgS where I refer to generic aspects of
the assay but this denotes either of the two poorly
hydrolysable labelled forms of GTPgS ([35S]GTPgS
and Eu-GTPgS).
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Figure 1
The G protein cycle. In panel A, the cycle is shown in the currently
accepted form under cellular conditions ([GTP] ~50 mM). It should be
noted that for Gi proteins the receptor/G protein (RG) complex may
not dissociate into subunits (Bunemann et al., 2003; Frank et al.,
2005). In panel B, the cycle is shown in the presence of a poorly
hydrolysable analogue of GTP ([35S]GTPgS), which increases the life-
time of the ARG.[35S]GTPgS or Ga.[35S]GTPgS species. The levels of
GTPgS typically employed (~0.1 nM in the [35S]GTPgS binding assay)
are very low compared with GTP levels under cellular conditions.
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The GTPgS binding assay is typically run in the
same way as a ligand binding assay where mem-
branes expressing a receptor are mixed with labelled
GTPgS under agonist stimulation and the bound
GTPgS determined. The apparent simplicity of the
assay belies some complexity and in this section I
shall describe the current status of the GTPgS
binding assay with respect to its practical use. I shall
not give extensive technical details as these may be
found in recent reviews (Labrecque et al., 2009; Kara
and Strange, 2010).

Tissue sources for GTPgS binding assays
GTPgS binding assays may be performed in various
different tissues although the most popular tissue
source, especially in industry, is membranes from
recombinant cells, for example, CHO or HEK cells
expressing a single cloned receptor. The expression
level of the receptors is typically ~1 pmol·mg-1

protein or greater. Under these circumstances such a
system can provide a robust response from the
recombinant receptor usually with a good signal/
background ratio (see below for examples). The
signal/background ratio will, however, depend on
the receptor concerned, its expression level and the
assay conditions (see below) and can be variable in
magnitude.

GTPgS binding responses have also been recorded
using membranes derived from native tissues. This
has been achieved for some receptors where there is
a strong response from the receptor concerned and
the basal response from the tissue is low. Examples
of this include 5-HT1A serotonin receptors in hippoc-
ampal membranes (Newman-Tancredi et al., 2003;
Martel et al., 2007), CB1 cannabinoid receptors in
cerebellar membranes (Breivogel et al., 1998) and
CXCR3 chemokine receptors in activated T cells
(Heise et al., 2005). Sometimes a more favourable
signal/basal ratio in GTPgS binding assays can be
achieved in assays using brain membranes by sup-
pressing effects of adenosine at A1 receptors by addi-
tion of an inverse agonist, for example, DPCPX [see
e.g. (Horswill et al., 2007)].

Assays using membrane preparations suffer from
the limitation that many components of the intra-
cellular machinery may have been lost. Assays have
therefore been developed using intact cell prepara-
tions. The assay has been used in an autoradio-
graphic format to record [35S]GTPgS responses in
brain slices, for example, a2 adrenoceptors
(Newman-Tancredi et al., 2000), 5-HT1A serotonin
receptors (Newman-Tancredi et al., 2003), m opioid
receptors (Sim et al., 1996). [35S]GTPgS responses
have also been recorded from whole cells (recombi-
nant and native) expressing a GPCR after permeabi-
lization with digitonin or saponin to allow the

labelled guanine nucleotide to enter cells (Wieland
et al., 1995; Alt et al., 2001; Breivogel et al., 2004).
Assays using whole cells have the obvious advantage
that the intracellular machinery is intact and more
valid comparisons of the activities of compounds
may be made with other assays using whole cells
such as neurotransmitter release assays [see e.g.
(Breivogel et al., 2004)]. In this latter study on rat
cerebellar granule cells in culture the contribution
of adenosine A1 receptor activation to the basal level
of [35S]GTPgS binding was suppressed by addition of
adenosine deaminase.

Which labelled guanine nucleotide?
The vast majority of GTPgS binding assays have
been conducted using the radioactive version of the
nucleotide, [35S]GTPgS. This provides a very conve-
nient assay with easy detection of signal by rapid
filtration of membranes on glass fibre filters to sepa-
rate bound and free nucleotide followed by liquid
scintillation counting. Particularly in the industrial
context, the assay has been adapted as a scintilla-
tion proximity assay (SPA) thus eliminating the
need for a separation of bound and free nucleotide
(DeLapp, 2004; Johnson et al., 2008). SPA beads
coated with wheat germ agglutinin (WGA) are used
and the membranes bearing bound [35S]GTPgS bind
to the WGA-SPA beads enabling detection of the
bound [35S]GTPgS. This SPA-based assay has been
adapted to detect stimulation of individual G pro-
teins (DeLapp, 2004). This assay format requires SPA
beads coated with anti-IgG antibodies and capture
of G protein with bound [35S]GTPgS using specific
antibodies. The assay is then a single tube assay
without separation when the antibody/G protein/
[35S]GTPgS complex associates with the anti-IgG-
bound SPA bead. The assay has been used for
recombinant and native systems (DeLapp et al.,
1999; Cussac et al., 2002; DeLapp, 2004; Salah-
Uddin et al., 2008).

[35S]GTPgS is typically used at a concentration of
100 pM in routine assays although we have found
that a lower concentration (e.g. 50 pM) can some-
times improve signal/background levels for GPCRs
giving only moderate signals. These low concentra-
tions of nucleotide are entirely non-physiological
(see below) but are necessary in order to measure the
stimulation of GTPgS binding over the basal signal.
In all the radioactive assays, the decay of the
35S label needs to be taken into account but the
labelled nucleotide is reasonably stable if stored
appropriately.

A version of GTPgS labelled with the time-
resolved fluorescent metal Europium (Eu-GTPgS)
has been produced. The Eu label has been used to
derive single tube assays for some GPCR-related
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activities, for example, in the time-resolved FRET-
based assay for cAMP. In the case of the Eu-GTPgS
binding assay, however, there is still a separation
step, performed using 96 well filter plates, but the
assay has the advantage of being non-radioactive.
The Eu-GTPgS binding assay has not been widely
used although some useful data have been
reported for several GPCRs (Labrecque et al., 2005,
2009; Leopoldo et al., 2005; Koval et al., 2010). The
affinity of Eu-GTPgS for G proteins is about 10-fold
lower than [35S]GTPgS (Koval et al., 2010) and
correspondingly higher concentrations of the
Eu-GTPgS are therefore used in assays (~5 nM).

A preliminary report has appeared recently
describing a single tube GTPgS binding assay
without separation based on quenching resonance
energy transfer (Rozwandowicz-Jansen et al., 2010).
The assay uses Eu-GTPgS and takes advantage of the
inaccessibility of the bound Eu-GTPgS to a fluores-
cence quencher. The fluorescence of the free
Eu-GTPgS is, however, quenched. In the preliminary
description, the assay has a lower signal to noise
ratio than the other assays but concentration/
response curves can be recorded with expected con-
centration of ligand giving a half maximal response
(EC50) values. With some development, the assay
could be a very powerful new tool.

Although the labelled forms of GTPgS are poorly
hydrolysable, the hydrolysis rate is not zero and this
may complicate some mechanistic analyses. In
order to model GPCR/G protein activation mecha-
nisms it is important to include this hydrolysis rate
so that correct conclusions can be drawn from
mechanistic analyses (Brinkerhoff et al., 2008).

Which G protein can be assayed?
GTPgS responses in the assay are typically confined
to GPCRs coupled to G proteins of the Gi/o subfam-
ily. Responses for GPCRs coupled to Gs and Gq have
been reported [see e.g. (Harrison and Traynor, 2003)]
but are often very low. This seems to be due to the
lower rate of exchange of guanine nucleotides at Gs

and Gq together with relatively low levels of expres-
sion of these G proteins, leading to low levels of
bound GTPgS. The problem here seems to be one of
detection of signal over the basal level of GTPgS
binding, contributed by GTPgS binding to heterot-
rimeric G proteins and to other guanine nucleotide
binding proteins such as tubulin. In principle it
might be possible to record signals for GPCRs
coupled to Gs and Gq using longer incubation times
but this has not been widely reported and in the
author’s lab this was not successful. Agonist-
stimulated GTPgS binding signals have been
recorded successfully for GPCRs linked to Gs or Gq

by generating receptor/G protein fusions and using

G protein-specific antibodies to isolate the bound
GTPgS away from the membrane background (Mil-
ligan, 2003). In a related manner, antibody capture
techniques have been used to examine Gq/11 signals
(see below).

Although in a recombinant system there will be a
single receptor responding to agonist, there may be
more than one G protein responding to the recep-
tor, depending on the composition of the host cell
membrane. For example, in CHO cells the Gi/o pro-
teins are Gi2 and Gi3 and are found at levels of
~5 pmol·mg-1 and ~0.6 pmol·mg-1 respectively
(Raymond et al., 1993; Gettys et al., 1994). It seems
likely that GTPgS binding signals for a GPCR acti-
vating Gi/o proteins will be to both of these G pro-
teins. This could potentially lead to a complication
in that if the agonist potency for stimulating GTPgS
binding to the two G proteins were different this
might lead to some flattening of the overall stimu-
lation curve. Where this has been examined,
however, differences in potency for agonists to
stimulate Gi2 and Gi3 were slight for both dopamine
D2 and adenosine A1 receptors (Wise et al., 1999;
Gazi et al., 2003; Lane et al., 2007) whereas for m
opioid receptors, agonists showed about fivefold
higher potency for stimulation of Gi3 over Gi2 (Clark
et al., 2006).

The GTPgS binding signal due to a particular
receptor/G protein pair may be examined using
receptor/G protein fusions (Milligan, 2003) or using
expression of defined receptor and G protein in
insect cells (Cordeaux et al., 2001; Gazi et al., 2003;
Nickolls and Strange, 2003). It has also been possible
to examine GTPgS binding signals via individual G
proteins in CHO cell membranes by using antibod-
ies against G proteins to capture specifically the Gi1–3

and Gq/11 signals linked to muscarinic acetylcholine
receptors (using immunoprecipitation) (Akam et al.,
2001) or the Gi3 and Gq/11 signals linked to 5-HT2c

serotonin receptors (using antibody capture and
SPA, see above) (Cussac et al., 2002). In the latter
case, potency differences of up to eightfold are seen
for some agonists when stimulating the different G
proteins.

The requirement for GDP
The assay is usually run in the presence of a high
concentration of GDP when agonists are examined.
The GDP suppresses binding of GTPgS to non-
heterotrimeric G protein targets so that the back-
ground GTPgS binding is lower. The GDP will also
bind to heterotrimeric G proteins but addition of
agonist will reduce the affinity of the G protein for
the GDP so that GTPgS binding becomes apparent. It
will be necessary to determine experimentally the
appropriate concentration of GDP to maximize
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the agonist-stimulated GTPgS binding signal over the
background signal. Concentrations in the 1–10 mM
range are typically used in assays for agonists in
membranes from cells expressing recombinant
GPCRs but the concentration must be determined
experimentally for each system. If the assay is run
with a low concentration of GDP this will lead to
increased basal levels of GTPgS binding and this may
be useful in detecting inverse agonists (Roberts and
Strange, 2005) (see below). For assays employing the
autoradiographic format in tissue slices, higher con-
centrations of GDP are usually included [see e.g. (Sim
et al., 1996; Newman-Tancredi et al., 2000)].

The concentration of GDP in an assay can also
affect both the EC50 of an agonist and its relative
efficacy. Higher concentrations of GDP lead to
increases in EC50 (McLoughlin and Strange, 2000)
and changes in relative efficacy. Reductions in rela-
tive efficacy of partial agonists have been reported
with increased levels of GDP in some systems (Selley
et al., 1997; Pauwels et al., 1998; Roberts et al.,
2004).

The concentration of GDP is therefore a very
important factor in assay design and performance. It
affects the ability to detect absolute and relative
signals from agonists in the assay as well as their
potency and should be carefully considered before
embarking on use of the assay.

The requirement for Mg2+ and Na+ ions
Mg2+ ions are an absolute requirement for observing
agonist stimulation of GTPgS binding. Effects of
Mg2+ ions are optimal at 5–10 mM and assays are
typically run using Mg2+ concentrations in this
range (Harrison and Traynor, 2003).

The concentration of Na+ ions can influence the
performance of the GTPgS binding assay. Na+ influ-
ences the strength of R/G coupling and typically a
high concentration of Na+ is included in assays. This
suppresses basal, agonist-independent, GTPgS
binding thus increasing signal/background levels.
The effect of Na+ ions is mediated through a con-
served Asp residue on TM2 of GPCRs [see (Strange,
2008) for examples]. Typically, concentrations of
Na+ ions in the 10–100 mM range are used in GTPgS
binding assays with agonists, but the appropriate
concentration of Na+ to use in an assay must be
determined experimentally for each system.

The concentration of Na+ ions can alter the rela-
tive efficacy of partial agonists with higher concen-
trations reducing relative efficacy (Selley et al.,
2000). High concentrations of Na+ can also reduce
agonist potency in some cases. A specific effect of
the removal of Na+ ions on detection of partial
agonism for aripiprazole has been reported for the
D2 dopamine receptor (see below) (Lin et al., 2006).

The concentration of Na+ ions therefore is
another key variable influencing assay design and
performance in a similar manner to GDP.

Inclusion of saponin in GTPgS binding assays
In some cases, the detergent saponin has been
included in the membrane-based assay leading to
improved signal and signal/noise ratio (Cohen et al.,
1996; Heise et al., 2005). It seems that the detergent
aids accessibility of the labelled nucleotide to some
G proteins. For the chemokine receptor CXCR4,
addition of saponin to assays has been shown to
increase the maximal stimulated Eu-GTPgS binding
without affecting the EC50 of agonists (Labrecque
et al., 2005).

Incubation time
The GTPgS binding assay is frequently run as a single
time point assay (typically 30–60 min) and is treated
as a ligand binding assay (see above). As a result,
certain assumptions are made about the assay, which
may not be justified. In fact the assay is a kinetic assay
that is not at equilibrium under normal conditions.
This is seen clearly in experiments where the time
course of [35S]GTPgS binding is examined (Gardner
et al., 1996). The rate of [35S]GTPgS binding is differ-
ent for different agonists and accelerated over the
basal rate but binding of [35S]GTPgS continues well
beyond the usual 30–60 min assay period. More
detailed analysis of the time course of [35S]GTPgS
binding shows that this follows a pseudo first order
reaction and at longer incubation times, [35S]GTPgS
binding reaches a plateau after about 180 min
(Breivogel et al., 1998; K. Quirk and P.G. Strange,
unpublished). When the time course of [35S]GTPgS
binding is examined for different agonists or differ-
ent concentrations of one agonist, the effect of
agonist is on the maximal level of [35S]GTPgS bound
with little effect on the pseudo first order rate con-
stant. This means that differences between agonists
or different concentrations of one agonist are largely
insensitive to the incubation time although this will
affect the absolute signal recorded.

Although the single time point assay with a
single low concentration of GTPgS is the usual assay
format, some have used the assay in a saturation
mode. In order to perform a saturation assay, the
‘cold ligand/hot ligand’ assay design is used. Thus a
fixed concentration of [35S]GTPgS is added in the
presence of increasing concentrations of non-
radioactive GTPgS and the total bound GTPgS is
calculated by correcting the bound [35S]GTPgS for
the dilution factor. As the cold/hot ratio increases so
the correction factor increases so that errors are mul-
tiplied accordingly and the saturation assay is quite
difficult to perform accurately. It has been used to
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assess the numbers of G proteins in tissues (Gazi
et al., 2003) as well as to provide estimates of the
number of G proteins activated by agonists (Selley
et al., 1997; Selley et al., 1998).

When examining the effects of antagonists (see
below) it will be necessary to consider assay design.
If the antagonist is added together with the agonist,
the two will not reach equilibrium immediately and
it may be necessary to include a pre-incubation with
the agonist/antagonist and membranes before
adding GTPgS. The inclusion of a pre-incubation
with agonist does not affect the performance of the
assay (K. Quirk and P.G. Strange, unpublished).

High throughput screening using GTPgS
binding assays
Although for the most part the assay is used in low
throughput format, it can be adapted for use in high
throughput screening. For the assay using [35S]GTPgS
a 1536 well assay has been described with WGA-SPA
beads for detection (Johnson et al., 2008). For the
assay using Eu-GTPgS, changes to the assay format
and use of automated liquid handling allowed a high
throughput screening assay to be constructed
(Labrecque et al., 2005, 2009).

Use of the GTPgS binding assay to
characterize ligands

In this section, I shall consider the use of the assay
to characterize ligands in the most popular form of
the assay, the membrane-based assay.

Agonists
The assay has been used to characterize agonist
actions at many GPCRs, for example, adenosine A1

(Lorenzen et al., 1993; Cohen et al., 1996), a2 adren-
ergic (Tian et al., 1994), cannabinoid CB1 (Breivogel
et al., 1998), chemokine CXCR4 and CCR5 (Mueller
et al., 2002; Labrecque et al., 2005), muscarinic ace-
tylcholine (Lazareno and Birdsall, 1993; Lazareno
et al., 1993), dopamine D2 (Gardner and Strange,
1998), 5-HT1A serotonin receptors (McLoughlin and
Strange, 2000), 5-HT1B serotonin receptors (Pauwels
et al., 1997; Pauwels et al., 1998), m opioid (Selley
et al., 1997). For the most part these are GPCRs
coupled to Gi/o proteins as discussed above. The assay
can be used to obtain concentration/response curves
for agonists so that the EC50 and the maximal agonist
effect (Emax) can be derived. These two parameters are
discussed in more detail below but the Emax can be
used to assess relative efficacy of agonists, allowing
assessment of full and partial agonists.

Although the GTPgS binding assay is a very
useful flexible assay for assessing agonist action, for

some GPCRs the full agonist-stimulated level of
GTPgS binding may be no more than twice the
basal level (i.e. stimulation is about the same as
the basal level). This means that the assay is not
very sensitive for detection of low efficacy partial
agonists. Given that partial agonists are of some
interest in drug discovery, it would be useful to
improve the sensitivity of the assay. Increased rela-
tive efficacy for partial agonists has been achieved
by reducing the GDP or Na+ ion concentrations in
assays (Costa et al., 1992; Selley et al., 1997; Selley
et al., 2000; Roberts et al., 2004). For the D2

dopamine receptor a method has been developed
whereby Na+ ions in the assay are substituted with
N-methyl D-glucamine (NMDG) (Lin et al., 2006;
Wood et al., 2006). Substituting NMDG for Na+

increases the basal level of [35S]GTPgS binding and
so the overall signal/noise ratio is reduced but
under these conditions very low efficacy partial
agonists such as aripiprazole give measurable
signals, whereas such compounds are silent under
standard conditions.

Antagonists
The GTPgS binding assay may be used to determine
the effects of antagonists to inhibit the effects of
agonists. This may be in a simple experiment where
a range of antagonist concentrations is used to
inhibit the effects of a single concentration of
agonist or preferably using Schild analysis where
agonist concentration/response curves are recorded
using control conditions and in the presence of
increasing concentrations of antagonist. The latter
experimental design is preferable as it yields a value
of the pA2 for the antagonist as well as a Schild
slope, which should be close to one for a competi-
tive antagonist. Schild slopes different from unity
may be seen if more complex mechanisms hold.
Other methods have also been applied to analyse
antagonist effects using [35S]GTPgS binding assays
(Lazareno and Birdsall, 1993). Care needs to be
taken in assay design (see above) to allow agonist
and antagonist to reach equilibrium and this may
require a pre-incubation before addition of GTPgS. It
may be necessary to test different pre-incubation
times to be sure that equilibrium has been reached
for ligands with slow binding kinetics (Haworth
et al., 2007).

The assay may be used to study the effects
of compounds that act non-competitively/
allosterically, that is, at sites different from the
primary binding site of the receptor [see e.g.
(Birdsall et al., 1999)]. Where such mechanisms of
antagonist effects are invoked, it will be necessary to
ensure that assay artefacts (e.g. lack of equilibration)
have been eliminated (Kenakin et al., 2006).
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Inverse agonists
It is now clear that many drugs that have been
assumed to be antagonists do, in fact, exhibit
inverse agonism, if assessed in a suitable assay
(Kenakin, 2004). The GTPgS binding assay will
detect inverse agonism if there is sufficient basal
(agonist-independent) activity for the particular
GPCR. Agonist-independent activity in the GTPgS
binding assay seems to be very variable between
GPCRs. For some GPCRs, for example, a2 adrenocep-
tor (Tian et al., 1994), 5-HT1A serotonin receptor
(McLoughlin and Strange, 2000), CCR5 chemokine
receptor (Haworth et al., 2007), cannabinoid CB1

receptor (Bouaboula et al., 1997), effects of inverse
agonists can be readily detected using the [35S]GTPgS
binding assay. For these GPCRs, it seems that sub-
stantial agonist-independent activity is present. For
other GPCRs, for example, D2 dopamine receptor,
basal activity seems quite low in this assay and
inverse agonism is difficult to measure under stan-
dard conditions. Some improvement in inverse
agonist detection can be achieved for such receptors
by increasing the basal signal by working without
GDP in the assay and substituting NMDG for Na+

(Roberts and Strange, 2005). This provides a larger
agonist-independent response for the inverse
agonist to inhibit, thus improving detection of the
inverse agonist signal. Under these conditions, the
inverse agonist-inhibited signal may constitute only
a small part of the basal signal so that although the
inverse agonist signal can be detected, it may be
subject to some error.

For the most part, manipulations of assay condi-
tions do not affect the EC50 values of inverse ago-
nists in GTPgS binding assays but there are examples
of some compounds whose EC50 is sensitive to
changes in GDP (McLoughlin and Strange, 2000).

Assay validation for agonists and
inverse agonists

The [35S]GTPgS binding assay can be used as a simple
means to characterize the activities of compounds,
but it is important to consider what the parameters
derived from the assay represent; also how the mea-
surements made relate to the in vivo activities of
compounds and to the activities of compounds
measured using other assays; also what event in the
G protein cycle is being measured in the assay.

Parameters derived from the assay
In principle three parameters are accessible from
concentration/response curves obtained using the
[35S]GTPgS binding assay [Emax, EC50, Hill coefficient
(nH)]. The Emax is the maximal response seen at high

concentrations of agonist or inverse agonist. Full
agonists will give the same Emax whereas partial ago-
nists will give sub-maximal responses. If Emax values
for different compounds are assessed relative to a
reference full agonist then, in principle, they can be
used to provide relative efficacy values. Determina-
tion of Emax therefore for partial agonists allows
rough scales of efficacy to be constructed but these
scales fail for full agonists, which, by definition, give
a full response in the assay but may nevertheless
differ in terms of intrinsic efficacy (Strange, 2008). It
may be possible to get round this limitation by
manipulating assay conditions so that more ago-
nists exhibit partial agonism. This could be achieved
by changing the GDP concentration (see above)
although this will also change the signal to basal
ratio of the assay.

The EC50 is the concentration of an agonist or
inverse agonist that achieves a half-maximal
response. The EC50 is a function of the affinity of a
drug for the receptor as well as the amplification
between binding to receptor and response. The
GTPgS binding event is close to the receptor and so
there will not be great amplification (see below).
Nevertheless, EC50 values for agonists in the assay
are dependent on assay conditions, for example,
concentration of Na+/GDP (see above).

The nH for a concentration/response curve
denotes the shape of the curve and how the
response depends on ligand concentration. nH may
be obtained by fitting data to the Hill equation. For
a simple model where a drug binds to a single popu-
lation of receptors, nH close to one are expected. nH

differing from one are not always easy to interpret
but suggest more complex mechanisms and some
suggestions are given below.

In many of the published data, nH are often not
reported. Where they have been determined, the nH

of concentration/response curves are close to one in
many cases. It is important to realize that, where
concentration/response curves are obtained using
log unit changes in concentration of ligand, it may
be quite difficult to detect differences in nH from
unity unless these are substantial.

There are, however, clear cases in the literature
where concentration/response curves have nH that
are less than one, for example, for muscarinic ace-
tylcholine receptors expressed in CHO cells (Laza-
reno and Birdsall, 1993; Lazareno et al., 1993). One
possible mechanistic explanation for low nH could
be signalling via different G proteins and for the
muscarinic receptor example, this was checked by
eliminating Gi/o effects with Pertussis toxin treat-
ment. For M2 and M4 receptors, the acetylcholine-
stimulated [35S]GTPgS binding response was fully
inhibited whereas for M1 and M3 receptors only
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~60% inhibition occurred. For M1 and M3 receptors
it seems likely that the low nH correspond to effects
at Gq and Gi/o G proteins whereas for M2 and M4, in
principle, effects at mixtures of Gi2 and Gi3 may be
responsible although the latter explanation seems
unlikely (see above).

Comparison with other assays
Here we wish to see if the GTPgS binding assay
provides data that can be used to predict the prop-
erties of ligands in other assays including in vivo
assays, so that it may be used with confidence in
drug discovery. Ideally, this requires a comparison of
the activities of a range of ligands in the GTPgS
binding assay with their activities in other assays
and there are very few published data sets allowing
this comparison.

For antagonists, a detailed study has been per-
formed for the muscarinic acetylcholine receptors
and it was shown that the affinities of a range of
antagonists were similar whether determined in
[35S]GTPgS binding assays using membranes of
recombinant cells expressing the receptors or in
ligand binding assays performed on animal tissues
or on membranes of recombinant cells expressing
receptors (Lazareno and Birdsall, 1993).

For agonists, such comparisons are complicated
by differences in amplification in different assays.
The GTPgS binding assay reflects events close to the
receptor and so is not subject to strong amplifica-
tion unlike other more downstream assays for
GPCRs, for example, inhibition of adenylyl cyclase.
In consequence, compounds that are full agonists in
the adenylyl cyclase assay may appear as partial
agonists in GTPgS binding assays and potencies of
agonists may be less in GTPgS binding assays as
compared with corresponding values in adenylyl
cyclase assays [see e.g. (Payne et al., 2002)].

Crude comparisons may be made using Emax or
rank orders of agonist potencies in different assays.
For example, for the D2 dopamine receptor, Emax data
for five agonists obtained in [35S]GTPgS binding
assays agree reasonably with Emax data reported in
electrophysiology assays (Strange, 2007). Also for
the D2 dopamine receptor, Emax data on a limited
range of compounds agree for their activity in
[35S]GTPgS binding assays and for their effects on
GIRK potassium channels (Heusler et al., 2007). For
k opioid receptors Emax data for a range of agonists
obtained in [35S]GTPgS binding and adenylyl cyclase
assays agree (Bidlack and Jadrovski, 2000).

In order to use the parameters measured in the
[35S]GTPgS binding assay to predict responses in
other assays it would be better to use parameters
that are independent of amplification and some
measures of agonist efficacy may allow this. For the

D2 dopamine receptor expressed in CHO cell mem-
branes, a large data set exists for the effects of ago-
nists on [35S]GTPgS binding in membranes and to
inhibit forskolin-stimulated adenylyl cyclase activ-
ity in whole cells (Payne et al., 2002). When KA/EC50

or Emax.KA/EC50 values (Strange, 2008) (also see
Appendix) are compared for the two assays, correla-
tions are seen but there is some scatter (r2 = 0.53,
0.59 respectively), but if the parameter Emax/EC50 is
used, a much better correlation is observed (r2 =
0.96). This parameter (Emax/EC50), also known as the
intrinsic relative activity, corresponds to the product
of affinity and efficacy for an agonist (Ehlert et al.,
1999) and may provide a useful practical tool for
analysis of agonist action.

What molecular event does the
assay measure?
It is important to analyse the GTPgS binding assay in
terms of what species is being detected and how the
assay relates to events in cells stimulated by ago-
nists, as such knowledge will help validate the
method as a suitable tool in drug discovery. Accord-
ing to current views of the G protein cycle, GTPgS
binding should be to ARG yielding ARG.GTPgS,
which then breaks down to Ga.GTPgS (Figure 1). We
examined this possibility in [35S]GTPgS dissociation
binding assays and concluded that a large part of the
bound nucleotide was in the form of ARG.[35S]GTPgS
with only a small proportion as Ga.[35S]GTPgS
(Quirk et al., 2007). One of the factors contributing
to this apparent stability of ARG.[35S]GTPgS seems to
be the low concentration of nucleotide (~100 pM)
used in these assays.

It is also important to determine which is the
catalysed step in the G protein cycle that is being
measured in the [35S]GTPgS binding assay, and how
this relates to the cellular situation given that in
cells the GTP concentration is ~50 mM (Otero,
1990), whereas in the [35S]GTPgS binding assay the
[35S]GTPgS concentration is ~100 pM. Figure 1
shows the G protein cycle under cellular conditions
and under the conditions of the [35S]GTPgS binding
assay. In the latter case, owing to the low concen-
trations of [35S]GTPgS used it is likely that the
binding event is slow. We have verified that the
[35S]GTPgS binding event is indeed the rate-
determining event in CHO cell membranes express-
ing D2 dopamine receptors by conducting assays
with varying concentrations of [35S]GTPgS where the
rate of binding is directly proportional to the con-
centration of [35S]GTPgS (Roberts et al., 2004). There-
fore, in the [35S]GTPgS binding assay, the rate-
determining step is the binding of [35S]GTPgS to
ARG. In the cell, the corresponding step, the
binding of GTP to ARG is likely to be fast owing to
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the high nucleotide concentration and GDP release
or ternary complex breakdown may be slow. This
means that the [35S]GTPgS binding assay does not
measure the rate-determining step in the G protein
cycle under cellular conditions. Although the assay
clearly does provide measures of agonist efficacy
parameters, there could, in principle, be differences
between the abilities of agonists to affect the differ-
ent steps.

It will also be important to try to understand how
the [35S]GTPgS binding step in the [35S]GTPgS binding
assay is regulated and how do full and partial agonists
differ. Does increased [35S]GTPgS binding occur
because there is more ARG available in the presence
of agonist or does the affinity of receptor/G protein
complex for [35S]GTPgS increase in ARG? This has
been addressed for opiate receptors where effects on
both the maximum level of [35S]GTPgS binding and
the affinity of [35S]GTPgS for ARG were observed
(Selley et al., 1997; Selley et al., 1998).

Conclusion

The GTPgS binding assay provides a flexible assay for
the analysis of functional effects of agonists, antago-
nists and inverse agonists at GPCRs. The assay is
usually performed in the same rather simple format
as is used for ligand binding assays although it is
important to assess the conditions for performing
assays so that optimal signals can be obtained.
Although the majority of assays are still performed
using [35S]GTPgS, the development of non-
radioactive methods offers great promise for the
future application of the assay.
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Appendix

Glossary of pharmacological terms used
Full agonist: a compound able to produce the max-
imal stimulation of the functional response associ-
ated with a receptor at saturating concentrations.

Partial agonist: a compound able to produce only
a sub-maximal stimulation of the functional
response associated with a receptor at saturating
concentrations.

Inverse agonist: a compound able to inhibit agonist-
independent functional responses associated with a
receptor.

Antagonist: a compound that can bind to receptors
but is unable to alter the activity of the response
system. It may, therefore, block the action of either
agonists or inverse agonists.

AR: agonist/receptor complex.

RG: receptor/G protein complex.

ARG: agonist/receptor/G protein complex.

KA: dissociation constant of agonist for binding to
receptor.

Emax: maximal agonist-stimulated functional
response in system.

EC50: concentration of agonist that produces half its
maximal functional response in system.

nH: Hill coefficient for agonist concentration/
response curve.
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